1. Two enzymes that catalyse the reduction of glyoxylate to glycollate have been separated and purified from a species of Pseumone. Their molecular weights were estimated as 180000. 2. Reduced nicotinamide nucleotides act as the hydrogen donators for the enzymes. The NADH-linked enzyme is entirely specific for its coenzyme but the NADPH-linked reductase shows some affinity towards NADH. 3. Both enzymes convert hydroxypyruvate into glycerate. 4. The glyoxylate reductases show maximal activity at pH6.0-6-8, are inhibited by keto acids and are strongly dependent on free thiol groups for activity. 5. The Michaelis constants for glyoxylate and hydroxypyruvate were found to be of a high order. 6. The reversibility of the reaction has been demonstrated for both glyoxylate reductases and the equilibrium constants were determined. 7. The reduction of glyoxylate and hydroxypyruvate is not stimulated by anions.
The maintenance of cultures, composition of growth medium, growth procedure, together with the harvesting and disintegration of the cells, have been described by .
Chemical&. Reduced and oxidized nicotinamide nucleotides, DEAE-cellulose and haemoglobin were purchased from the Sigma London Chemical Co., London. Butane-2,3-diol, cytochrome c, DL-glyceraldehyde, glycolaldehyde, oc-oxoglutarate, semicarbazide, deoxyribonuclease and
The column was then removed for permanent keeping at 20 and washed with 3-5 bed vol. of buffer to stabilize the bed and also to remove any material which might absorb at 280m,u. It was not found necessary to stabilize the bed surface mechanically. Since a feature of the method of gel ifitration is that substances present in the sample are eluted without change of eluent, the column is regenerated during the experiment and the gel can be used again.
Thin-layer gel filtration. The type of gel used for this method was Sephadex G-200 Superfine (particle size 10-40,u, water regain 20), 4g. of which was poured on to the surface of 100ml. of 0*Im-phosphate buffer, pH7 0, and soaked by the liquid. This concentration was a critical factor in the success of the method. The suspension was allowed to swell for at least 72hr. at room temp., care being taken to ensure that no aggregates were present. The amount of gel suspension prepared was sufficient for four 20 cm. x 20 cm. glass plates, which were thoroughly cleaned successively in detergent (Pyroneg; Diversey Ltd., London, W. 1) and distilled water before use. The clean, dry plates were coated with a layer (0.9mm. thick) of the gel by means of a Unoplan thin-layer spreader (Shandon Scientific Co. Ltd., London, N.W. 10). The plates were stored until required in a horizontal position in a closed chamber containing a dish of the solvent.
Before the plates were used, 0.1 m-phosphate buffer, pH7-0, was allowed to flow through the gel for 12hr. After equilibration, the plates were mounted horizontally over a white background and samples (5,ul.), containing approx. 5-10,lg. of protein, were applied to the gel as a series of spots about 1-5cm. apart in a line 5cm. from one edge of the plate. In order not to damage the soft gel layer, a micrometer syringe was used for the application of the samples, the zones of which did not exceed 3mm. diam.
The plates were developed by inclining them at an angle in a chamber consisting of a large glass chromatography tank inverted over a sheet of plate glass. The upper end of the plate was connected to the solvent reservoir by means of a wick made from Whatman no. 3MM filter paper.
Excess of liquid was prevented from accumulating at the bottom of the plate by a filter-paper pad which was moistened to ensure good contact with the gel layer. The solvent was allowed to flow through the gel at a rate which could be measured by observing the rate of movement of a concentrated solution of blue dextran (Pharmacia), which is completely excluded from the gel and therefore travels with the solvent front. A flow rate of 2cm./hr. was satisfactory and this could be achieved by inclining the plate at an angle approx. 200 to the horizontal. When development was complete, the plate was removed from the chamber and supported horizontally. The filter-paper wick was removed and the smooth side of a piece of Whatman no. 3MM filter paper, 20cm. x 20 cm., was applied to the gel surface, the paper being rolled on to the gel to prevent the trapping of air bubbles. The line where the samples were applied to the gel was marked on the filter paper and the covered plate dried in an oven at 800 for 30min.
The areas of protein on the filter paper covering the plate were then identified by means of a highly sensitive stain, 1% Naphthalene Black 10 B (E. Gurr and Co., London). The stain, dissolved in methanol-water-acetic acid (5:4:1, by vol.), was poured evenly over the plate and, after 1 min., washed with liberal amounts of the mixed solvent until all the excess of stain had been removed and the blue-black spots were easily visible on a white or pale-blue back. ground. During this procedure, the paper prints became detached from the plate, where the washing was completed, and were then dried at room temp.
Methods involved in the use of [14C]glyoxylate. Experiments with [14C]glyoxylate were carried out in tubes made from 5cm. lengths of 5mm. internal-bore soft glass sealed at one end. Components of the reaction mixture were added from Pasteur pipettes, 12-15 cm. long, made from the same glass tubing drawn out to a very fine tip of about 0-5mm. at one end. Calibration of each pipette was effected by transferring the contents of a standard 0-05ml. pipette filled with water into the capillary and marking the position of the meniscus. The calibration and accuracy of delivery were checked by weighing samples pipetted into small, airtight polythene containers (30mm. x 15mm.) obtained from the Loughborough Glass Co. Ltd.; an accuracy of + 2% by wt. was obtained.
Paper chromatography of 14C-labelled carboxylic acids.
Samples (0-05ml.) of the clear, supernatant solution from reaction mixtures were applied to a sheet of Whatman no. 4 chromatography paper (lOin. x 8in.) and allowed to develop until the solvent had risen lOin. The carboxylic acids were separated by the following solvent systems: phenol-formic acid-water (Kornberg, 1958) ; butan-l-olwater-propionic acid (Calvin & Benson, 1949) ; butan-l-olacetic acid-water (12:3:5, by vol.) as used by Smith (1958) ; ether-acetic acid-water (13:3:1, by vol.) used by Denison & Phares (1952) ; benzene-ether-90% (v/v) formic acidwater (15:35:7:5, by vol.) as used by Weimberg (1959) ; butan-l-ol-pyridine-water (1:1:1, by vol.) used by Morrison (1953) .
Of these solvent systems, that of Kornberg (1958) essential to prevent excessive precipitation of the protein and this was achieved by using a magnetic stirrer. The small quantity of material which was precipitated during dialysis was removed by centrifuging.
Stage 4: column chromatography. A batch of treated DEAE-cellulose suspended in 5mM-phosphate buffer, pH7-0, was poured into a chromatographic column (internal diam. 1.8cm.) fitted at its lower end with a coarse sinteredglass disk. Equilibration was carried out at 2°by allowing 11. of 5mM-phosphate, pH7-0, to pass through the column.
The protein was applied to the DEAE-cellulose column (20 cm. x 1.8cm.) at a rate just sufficient to keep the top of the column moist: by this means the material was adsorbed as a narrow band at the top of the column. The Two glyoxylate reductases were eluted from the column (Fig. 1 ). Those fractions which showed an increase in specific activity over the previous stage were combined and the protein was precipitated by adding (NH4)2SO4 to final conen. 60% saturation (39g./100ml. of soln. activity towards both cofactors had been removed. The NADH-linked glyoxylate reductase showed no activity towards NADPH whereas the NADPHlinked enzyme showed some activity towards NADH. The relative activities ofthis latter enzyme towards NADPH and NADH respectively were in the ratio 4-4:1. pH optimum. The variation of enzyme activity with pH was investigated with the following ranges of buffer solutions: O 1M-NaH2PO4-Na2HP04, pH5-8-8-0; 0-1M-KH2PO4-citrate, pH4-0-5-8; O-lM-glycine adjusted to pH8-6 with 2N-sodium hydroxide. The standard assay procedure was used except that 2-7ml. of the required buffer was added to the cuvette. The pH was determined at the end of the reaction with a Pye single glass electrode. Maximal activity for both enzymes occurred between pH6-0 and 6-8; the NADPH-linked glyoxylate reductase retained its activity over a wider range of pH values (60% activity at pH 5-0 and pH8-6) than the NADH-linked glyoxylate reductase (60% activity at pH5-2 and pH7-6).
Sub8trate speciflcity. The activities ofthe enzymes towards various substrates are shown in it became impossible to use a blank cell in its normal role since all the components in the reaction mixture showed varying levels of absorption at the wavelength used. Zelitch (1955) , in demonstrating the reversibility ofthe glyoxylate reductase from tobacco leaves, stated that his readings were taken against a blank cell containing all the constituents of the reaction mixture except NAD+.
In his experiment, he showed an increase in E340m, of 0-06 over 30min. as measured with a Beckman spectrophotometer. At the concentration Zelitch used, the oxidized nicotinamide-adenine dinucleotide will also give a reading of 0 06 at 340m,t and it seems doubtful if an increase in extinction of that order over 30min. could be detected accurately by the instrument used.
To overcome these difficulties a cuvette was prepared containing all the reactants except lO,ug. of the enzyme; this was used as a partial blank cell in calibrating the instrument, a Hilger-Gilford automatic recording spectrophotometer. The automatic recorder was started at the same time as the enzyme was added to the cuvette to begin the reaction and E340m,, of both the partial blank cell and experimental cell were determined until there was no further change. The readings at 340m,u of the experimental cell were extrapolated back to zero time and this extinction value used as the true blank value. The difference between this reading and the final reading was used to determine the amount of reduced dinucleotide formed at equilibrium; any variation in the reading of the partial blank cell was taken into account. The apparent and thermodynamic equilibrium constants calculated for five experiments are given in Tables 6 and 7 for the NADH-and NADPHlinked enzymes respectively.
Conversion of [1-14C]glyoxylate into [140]glycollate. [1-14C]Glyoxylate ofrelatively high activity was used to examine the products of the reaction catalysed by the two glyoxylate reductases. Samples of the deproteinized solutions were examined by paper chromatography and radioautography. The conversion of glyoxylate into glycollate was quantitatively determined by assaying the radioactivity of the appropriate spots from the chromatogram.
The complete system, in a small glass tube, contained in 0 15ml.: 10,umoles ofphosphate buffer, pH6-8; 0 05,umole (0*25,uc) of sodium [1-14C]-glyoxylate; 02 ,umole of either NADH or NADPH; Table 6 . Equilibrium con8tants for the oxidation of glycollate to glyoxylate by the NADH-linked glyoxylate reducta8e The reaction mixture contained, in a total volume of 3-0ml.: 300,umoles of tris-HCl buffer at the pH specified; 13-1 ,umoles ofNAD+; various amounts ofsodium glycollate; an appropriate amount ofenzyme. When equilibrium had been attained, as indicated by no further change in extinction at 340m,t, the pH was determined with a Pye single glass electrode. The concn. of NAD+ was calculated from E260ml and the equilibrium concn. of NADH from Emo mp as described in the text. The concn. ofglycollate, NAD+ and H+ were assumed not to vary throughout the reaction since the amounts utilized were less than 1% of those added. The concn. of glyoxylate formed was taken to be equal to that of the NADH. Vol. 101 Table 7 . Equilibrium con8tantsfor the oxidation of glycoUakte to glyoxylate by the NADPH-linked glyoxylate redutae
The conditions and method used were identical with those described in NADPH-linked glyoxylate reductases were estimated as 175000 and 190000 respectively. These values are at the upper limit for determining molecular weights by this method and too much emphasis should not therefore be attached to the actual values, beyond the fact that they appear to be somewhat large molecules. The resolving power of the method is remarkably high, owing to the small particle size of the gel and a linear flow rate of approx. I *5 cm./hr. The minimum amount of protein that can be used depends on the sensitivity of the method for locating the protein zones.
The relatively slow migration of lysozyme shown in Table 8 has been observed by Whitaker (1963) , Porath (1960) , Morris (1964) and by Miranda, Rochat & Lissitzky (1962) ; it is probably due to an ion-exchange effect. The similar retardation of haemoglobin is unlikely to be due to an ionexchange or adsorption effect since it has also been observed on agar and polyacrylamide gels (Andrews, 1962) ; it is probably due to the dissociation of the haemoglobin into a-and fl-chains with mol.wt. The purified enzymes, when assayed in the presence of the various anions and either glyoxylate or hydroxypyruvate, showed no increase in activity compared with that in the absence of the anions. Since the enzymes were stored in a solution of ammonium sulphate and dialysis was not possible owing to dilution difficulties, it was initially assumed that the presence of ammonium sulphate was affecting the stimulatory action. Accordingly, a crude extract of the organism was prepared and dialysed against 101. of 5mM-phosphate buffer, pH7-0, which was replaced three times with 101. of fresh buffer at lhr. intervals. The solution of non-diffusible material was then used as a source of both enzymes and tested for activity in the presence of the various anions. Once again, there was no stimulation of enzymic activity when the salts listed above were added to the reaction mixture.
Factors which may have been preventing anionic stimulation of the enzymes were investigated. The effects of varying the ratio of salt to substrate concentration, decreasing the buffer concentration, and incubating the salt and enzyme before adding the substrate were studied. None of these modifications affected the activity of the enzymes.
DISCUSSION
The high Michaelis constants determined for the glyoxylate reductases described in this paper were peculiar to the organism used since the NADPHlinked enzyme in tobacco and spinach leaves (Zelitch & Gotto, 1962) showed an affinity for glyoxylate 100 times that of its NADH-linked counterpart (Zelitch, 1955) .
D-Glycerate-dehydrogenase activity (Stafford, Magaldi & Vennesland, 1954) has been associated with all the glyoxylate reductases so far purified, although the NADPH-linked enzyme from tobacco and spinach leaves (Zelitch & Gotto, 1962) had very much less of this activity than the NADH-linked enzyme from the same source. The glyoxylate reductases obtained from P8eudomonaw sp., however, reduced glyoxylate and hydroxypyruvate at approximately equal rates under optimum conditions.
During the purification of the enzyme from tobacco leaves (Zelitch, 1955) , and again in this work, another enzyme specific for hydroxypyruvate was either destroyed or removed. It seems highly probable that this enzyme was the true D-glycerate dehydrogenase; its properties were similar to those of the glyoxylate reductases, indicating that they were closely related proteins.
The fact that the NADH-linked glyoxylate reductase is five times as active in the crude extract as the NADPH-linked enzyme might result from a balancing effect to prevent the over-utilization of the nicotinamide nucleotide which is present in the lesser amount in the cell.
The observations that the optimum pH range for the reduction of glyoxylate by both reductases from P8eud7mona8 sp. was 60-6-8 and that the NADPH-linked enzyme retained a large percentage of its activity over a wider range of H+ ion concentration are in accordance with similar findings of Zelitch (1955) and Laudahn (1963) for the glyoxylate reductases from tobacco and spinach leaves.
The inhibitory action of keto acids on the enzymic reduction of glyoxylate indicates that the glyoxylate reductases combine with these acids without reducing them, thus blocking the active sites on the enzyme to glyoxylate molecules.
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The effect of p-chloromercuribenzoate on glyoxylate reduction shows that the activity of glyoxylate reductases is strongly dependent on free thiol groups. This is in agreement with Zelitch (1955) , who presented evidence for the existence of enzyme-inhibitor, enzyme-NADH and enzymesubstrate complexes involving the SH-groups of the glyoxylate reductase from tobacco leaves.
Anions stimulated the rate of oxidation of NADH when hydroxypyruvate but not glyoxylate was the substrate with glyoxylate reductase (Zelitch, 1955) and D-glycerate dehydrogenase (Holzer & Holldorf, 1957) . This behaviour can be explained on the assumption that the anions produce changes in the enzyme which enable additional sites of attachment to become available for reaction with the substrate.
Anions did not stimulate the reduction of glyoxylate or hydroxypyruvate by the glyoxylate reductases from Peeudomona8 sp. either in crude extracts or after purification. It seems probable therefore that additional sites of catalytic attachment were not present on these enzymes, a fact which may be connected with their high Michaelis constants.
The reversibility of the reactions catalysed by the two glyoxylate reductases was demonstrated and the equilibrium constants were determined. Equilibrium conditions favour reduction of glyoxylate. The oxidation of glycollate to glyoxylate by the glyoxylate reductases from P8eudomronas sp. is highly endergonic with AG'+ 24kcal./mole at pH8*0. As indicated by Zelitch (1955) , if this oxidation could be achieved by an enzyme requiring molecular oxygen and not linked to a nicotinamide nucleotide, the reaction would be exergonic with AG' about -41kcal./mole at pH8*0. Such an enzyme, the flavoprotein glycollic acid oxidase, has been found in plants (Zelitch, 1953; Clagett, Tolbert & Burris, 1949) and in bacteria (Katagiri & Tochikura, 1960a) .
The glycollate formed in Pseudomona8 sp. did not appear to be further metabolized nor was it excreted into the growth medium. Glyoxylate is not converted into glycollate on any known metabolic pathway and its position in metabolism seems to be anomalous.
It appears that shuttling of nicotinamide nucleotides to and from the mitochondria is not a normal physiological process but small substrates can partially overcome this permeability barrier. A cyclic process is set up which depends on the interplay of a dehydrogenase outside the mitochondria that reduces a substrate with a nicotinamide nucleotide and an enzyme inside that oxidizes the reduced substrate. Racker (1961) suggested that the glycollate-glyoxylate cycle in leaves (Zelitch & Ochoa, 1953; Zelitch, 1953) could play a
